The present paper is concerned with the problem of rotationally symmetric deformations of thin elastic shells the middle surface of which is a portion of a right helicoid. Particular consideration is given to the problem of a uniformly pretwisted thin strip which is acted upon by tractions which result in equal and opposite axial forces F, and equal and opposite axial torques T (Fig. 1) .
The differential equations for stresses and deformations of thin homogeneous, isotropic helicoidal shells, as used here, have been derived elsewhere [1] . In what follows they are employed in the form which they assume for rotationally symmetric states of stress and strain. Insofar as the problem of the pretwisted strip is concerned one of the essential aspects of the analysis is the connection between rotationally symmetric states of strain which depend on states of displacement which are not rotationally symmetric. The details of this connection are established in the present paper.
Of particular interest in the problem of the pretwisted strip are the relations between the applied force and torque on the one hand and the angle of elastic twist and the relative axial extension on the other hand. In this connection certain explicit results are presented which generalize earlier work of Chen Chu [2] regarding the torsional rigidity of the strip. 2 . Equations for helicoidal shells. Let r, 6, z be cylindrical coordinates and let z = ad (2.1) be the equation of the middle surface of the shell. The constant 2ira is the pitch of the helicoidal middle surface. The parametric curves r -constant and d = constant on the middle surface of the shell form an orthogonal net but are not the lines of curvature. The state of stress in the helicoidal shell (2.1) is described by stress resultants Nr , Ne , NrS, Ne, , Qr and Qe and stress couples Mr, Me , Mr0 and M0, referred to tangential and normal directions at the edges of an element of the shell (Fig. 2) . The differential equations of equilibrium of an element of the shell are [1] , The quantity a is defined by a = (a2 + rY\ (2.8)
The system (2.2) to (2.7) is completed by a system of stress strain relations which here is taken in a form corresponding to the relations of Fltigge [3] and Byrne [4] for lines of curvature coordinates and which is [1] , In addition this procedure introduces concentrated corner forces of magnitude ± (MSr + Mr0) in the direction of the normal to the middle surface of the shell, with components ± ir/a) (Mr0 + MBr) and =F (a/a) (Mr0 + M0r) in the axial and circumferential directions, respectively.
3. Boundary conditions for the problem of the pretwisted strip. We consider a helicoidal shell with edge coordinates r -± b and 6 = ± 60. The usual polar coordinate interpretation is attached to the meaning of negative values of r; the point (-r, 9) is the image of the point (r, 6) under reflection in the z-axis.
We assume that the edges r = ± b are free of stress and that the edges 9 = ± 60 are acted upon by forces F and torques T in accordance with ,T Eh ... a Eh3 f . ,, . a , .
In these equations primes denote differentiation with respect to r, and Of the six boundary conditions (3.2) to (3.7) four are automatically satisfied and the remaining two may be simplified (upon elimination of Qs) by suitable integration by parts to read where co and S are respectively the angle of twist and the axial extension, both per unit of axial length. We further introduce a dimensionless displacement and dimensionless resultants and couples as follows:
The quantities u0, n, q, and m are considered as functions of a dimensionless coordinate p defined by
We set finally p = r (5.5)
The parameter X measures the pretwist of the strip and vanishes for an untwisted plate located in the xz-plane. Introduction of (5.1) to (5.6) into Eqs. (1 + X p ) (1+Xp) (1 + X p )
The system (5.7) to (5.14) is to be solved subject to the boundary conditions (4.12), which take the dimensionless form The expressions (4.13) and (4.14) for the force F and the torque T assume the form f1 T ne , X3p2 -X h2 , X3p2 /t2 1 , F -Ehb J^ |^(1 + x2p2)-1/2 + (J + X2p2)3/2 b2 rnre + (1 + x2p2)3/2 b2 mer J dp, We now assume that the pretwist parameter X is of order of magnitude unity and not large compared with unity, and that all dimensionless resultants and couples are of the same order of magnitude. Considering the fact that h2/b2 <<C 1, we may then neglect certain of the terms in the system (5.7) to (5.17) and thus reduce it to the form U + a p ;
where L is the differential operator on the left side of (6.2). The differential equation Lu = 0 is, in different notation, the equation derived by Sanders [5] for helicoidal shell problems in which the displacements are independent of 6. It is possible to reduce this equation to hypergeometric form in a number of different ways, but no use will be made of this possibility in what follows.
7. Influence coefficients. When the boundary value problems (6.5) to (6.8) have been solved, we shall have all quantities expressed in terms of known functions of p, and the constants co and S. Thus by . . Li + x2p2 dp
12(1 » )mSr -H1+ X2p2 dp
When these relations are introduced into the force and torque conditions (5.25), (5.26) we have two relations between the force F and torque T on the one hand and the angle of twist w and the axial extension 5 on the other hand. These relations may be written in the form F = {2Ehbyps)S "I-(%Ehb Xy (7.5)
where the dimensionless influence coefficients y are given by " 1 f' f v du2 \2fU2 1 "I , 7" ~ 1 -,2 Jo L(1 + X2p2)1/2 dp + (1 + x2p2)3/2 + (1 + X2P2)3/2J dp' (7'7j
y--i _ "2 x I Ld + x2P2)1/2 dp + a + xV)3/2 Ul + (i + x2P2)372J dp' (7-8)
7rJ ~ 1 -v2 Jo L(1 + X2p2)1/2 dp + (1 + x2p2)3/2W'2 + (i + x2P2)3/2J dp' (7>9)
. 7r" ~ i -"2 x Jo L(i + x2p2)1/2 dp + (i + x2p2)3/2Ml + (i + x2p2)3/2J dp' (7-1Uj and finally
/'
Jo dp 1 + (4X2/3) + (8X4/15) o (1 + X2p2)7/2 (1 + X2)572 (7.11)
In the integrals (7.7) to (7.11) use has been made of the fact that ux and u2 are odd in p, so that the integrands are even and = 2f0 . It will be shown in Sec. 8 that when X = 0 we have yFi = yfu, = Ttj = =7=1, so that (7.5) and (7.6) become F = 2FJib, T = §G%3b co, corresponding to well-known results in the theory of extension and torsion of a flat plate by end loads.
A straightforward application of Green's formula, making use of the fact that u-, and u2 are solutions of (6.5) to (6.8), shows that yFai = yTS, as is in fact required by the reciprocal work theorem of elasticity. In addition to the flexibility relations (7.5), (7.6), we have the associated inverse equations co = KaTT + KaFF | 8 -KstT + KipF J It is readily shown from (7.5) and (7.6) that 3 (7.12) 
In the following section the first three terms in the power series expansions for yr«(X), 7f"(X), 7r»(X), t(X), /(X), fe(X), kSF(\), and g(\) are obtained by perturbation methods.
Perturbation solutions.
All quantities of physical interest have been expressed in terms of the solutions of the two boundary value problems (6.5) to (6.8). Inspection of these problems indicates that u,(p, X) is odd in X and u2(p, X) is even in X, while both Introduction of the perturbation solutions (8.2) and (8.3) into the integrals (7.7) to (7.10) gives the power series expansions in X of yFS, yFa = yT,, and yTa ; y(X) may be directly expanded from (7.11). These expansions are 3 +4* , 29 + 88r + 5fr\4 . n(1<s, These in turn provide the expansions of /(X), fc(X), k6F(\) and g(\) defined in (7.14). is the St. Yenant torsional rigidity of a flat plate of thickness h and width 26. If only the first term in each power series in parenthesis in (8.6) is retained, we obtain the Chen Chu approximation [2] (8.6) = /«>( 1 + ilfH <8-8>
indicating the increase in torsional stiffness for small pretwist. Figure 3 compares the Chu approximation (8.8) with the second approximation (retaining X2 terms in the two power series) and the third approximation (retaining X4 terms). Corresponding results for the axial stiffness K of (7.16) are obtained by inserting the power series for 7, /, kiF and g into (7.16). There follows 
